Summary. Lung diffusing capacity was measured in 92 healthy Caucasian children (52 boys and 40 girls), ranging in age from 6 to 17 years, using the single breath carbon monoxide technique ( DL, , ) .
INTRODUCTION
Weight was measured on a scale, and chronological age
The single breath carbon monoxide diffusing capacity (DL,,) is one of the most widely used tests of pulmonary gas exchange in clinical medicine and in respiratory epidemiology. It has been especially valuable in the early detection and quantitation of interstitial lun disease.
Predicted values of DL,, for children',2, ,4,5,6,7 have been based on small numbers of subjects or different methods than the gas chromatographic procedure that we employed. This method can be applied to subjects with a smaller vital capacity than 1,OOO mL which is required with most other techniques. The study was undertaken to determine the predicted values for lung diffusing capacity in healthy children.
t MATERIALS AND METHODS
was recorded.
Pulmonary function measurements were made on the Medical Graphics Corporation CAD/NET@ Pulmonary Function Testing System 1070 and Body Plethysmography System 1085. We used software version 3.7a (Medical Graphics Corporation, St. Paul, Minnesota). A gas chromatograph is part of the 1070 system for measuring gas concentrations, The gas chromatograph is significantly more reliable for small sample sizes than alternative analyzers. It is specific for the gas being analyzed and this obviates the need to remove moisture, carbon dioxide, and alcohol from the sample. It also eliminates the volume correction necessary with some methods. The pneumotachographs were calibrated daily and used according to the manufacturer's specifications.
All subjects were seated during the tests. Spirometry was measured on the 1070 and lung volumes on the 1085 The Original study population consisted Of lo4 system. Results were calculated and reported according to ATS standards.9.10 The spirometry and lung 6-17 yeus Of age, (57 and 47 females). Subiects were recruited from the relatives of employees of'Children's Hospital of Michigan, which was a convenience sample. Fully informed consent was obtained from the parents, then medical histories were measurements for all subjects were compared to the standards of Weng and Levison," Knudson,l* and
Cotes. *
The DL,, gas mixture was 0.5% neon, 20.97% oxygen, 0.3% CO, and the remainder was nitrogen. Helium was used as the carrier gas, to transport the sample through the gas chromatograph column of diatomaceous earth which separated the constituent gases by molecular size.
The single breath DL, , test was performed according to the method of Krogh,13 as modified by Forster et a1.14 and Ogilvie, et al.I5 The seated subject was instructed to breathe normally. Once breathing was normal, the subject was instructed to inhale to total lung capacity (TLC), exhale fully to residual volume (RV), pause briefly, then upon command, inhale quickly to TLC. This breath was held for 9-1 1 seconds during which time the patient was instructed to relax against the closed valve to avoid Valsalva maneuvers.
The DLco measurement was considered acceptable if breath holding time was between 9 and 11 seconds; inspiratory time < 2 seconds, and sample collection time < 3 seconds. The procedure was repeated for a maximum of 4 trials and the acceptable trials were averaged. If the subject had only one acceptable maneuver, that value was analyzed. There was a minimum wait of 5 minutes between tests to allow elimination of the test gas from the lungs.
Data were recorded on an IBM PS2 System 80 computer using dBase I11 plus software (Ashton-Tate Corporation, Torrance, California) and analyzed with the program SPSS/PC+ (SPSS Inc., Chicago, Illinois). Copies of the database on floppy disks are available by contacting the corresponding author, (Robert W. Wilmott, M.D.). Statistical analysis included linear regression by the least squares method and stepwise multiple regression analysis using the following independent variables: gender, standing height, sitting height, weight, and TLC. DL,, and the DL,,-to-TLC ratio (Krogh factor) were analyzed as independent variables. A P value less than 0.05 was considered statistically significant.
RESULTS
The characteristics of the study population are summarized in Table 1 . Twleve of the 104 children ( 5 boys and 7 girls) who were tested could not perform the DLco maneuver satisfactorily. They were all less than 8 years of age and represented 50% of the sample in the children aged 6-8 years.
Ninety of the remaining 92 children were between the 5th and 95th height centiles16 for their ages. One boy and one girl fell just above the 95th centile. Eighty-five of the 92 children plotted between the 5th and the 95th weight centiles for age. l 6 Three girls and four boys were above the 95th centile. These data suggest that we selected a representative sample of normal children. This was also checked by plotting forced vital capacity against height in boys and girls (Fig. 1) . Thirty-nine of 40 girls and 49 of 52 boys fell inside the 95% confidence intervals of the normal data reported by Cotes. Thus, 95.6% of subjects lay within the 95% confidence intervals, confirming that this was a representative sample of normal children.
The value of DL,, correlated with standing height, sitting height, age, and TLC, in simple linear regression (Table 2 ). In general, there was no effect of gender on these correlation coefficients, when values for boys and girls were compared. However, the Krogh factor (DLc0/ TLC) did correlate negatively with TLC (R = -0.4223, P < 0.01) in girls but not in boys (R = -0.2618, P = NS); it did not correlate significantly with sitting or standing height. Figure 2 illustrates the relationship between DL, , and standing height in boys and girls.
By stepwise multiple regression analysis to derive a prediction equation for DLco no significant interactions between standing height, sitting height, sex, and weight as independent variables were found. Although visual examination of Figure 2 might suggest that the slope for boys was significantly greater than the slope for girls, the interaction term (sex X height) was not statistically significant. Variables were added to the multiple regression equation until the Cp statistic suggested by Mal10ws'~ was approximately equal to five, showing a satisfactory fit. Table 3 shows the results with standing height, and Table 4 shows the results using sitting height, The latter could replace standing height in the equation but was not significant (F = 0.173, degrees of freedom = 1.87, P > 0.5) when standing height was in the equation. The final models show that in addition to stature, age, sex, and weight were significant variables, and that they add to the accuracy of the predictive equations which can be calculated from the data presented (Tables 3 and 4) . It is recommended by the American Thoracic Society that inspiratory volume for DL, , should exceed 90% of slow vital capacity in adults. In our study 46 children (50.5%) did not meet this criterion. When the standard was set at 80%, 74 children (80%) met the criterion. Analysis of variance was performed using the model described above, and introducing the ratio of inspiratory volume to slow vital capacity as a covariate. The analysis showed that this ratio was not a significant covariate (F = 1.323, DF = 1.87, P > 0.05). When the presence or absence of a satisfactory ratio was used to select cases, whether the desired ratio was 90% or 80%, the total explained variance remained constant, suggesting that a ratio of inspiratory volume to slow vital capacity of 80% might be satisfactory in children.
DISCUSSION
This study was conducted to examine the relationship between standing and sitting heights, weight, age, sex, and lung diffusing capacity in normal children, tested with the single breath carbon monoxide diffusion method. Analysis of variance, using the multiple regression technique, showed that standing height, weight, age, and sex are significant predictors of DL, , .
Adding sitting height to the analysis did not significantly reduce the variation around the regression line, when standing height was in the equation. However, sitting height would substitute for standing height as it appeared to contain much of the same information. Predictive eyuations were calculated using sitting height as well as standing height, because there are clinical situations when it is not possible to measure standing height due to physical handicap. Their results for the 7-10 years old subjects were 20-25% higher' than in our study; however, the results were "here male = 1 and female = 2. The variables are listed in the order in which they were entered into the stepwise regression equation.
similar to ours in older children. We are unable to account for these differences with regard to different reports, because they were performed by different techniques and on different equipment. In addition, all sample sizes have been rather small, and few studies have presented data to show that their subjects are representative of a normal population. Hemoglobin measurements were not made in our study because we did not have approval for venipuncture in normal children from our institutional review board. The subjects were healthy, and the medical history and physical examination did not reveal any unidentified medical conditions. Therefore, it is unlikely that the hemoglobin concentration was abnormal in any subject. In a diseased population, we recommend that hemoglobin should be measured and a correction for anemia applied to the measured DLco value."
In accordance with some earlier ~t u d i e s ,~ we found no relationship between the Krogh factor (DL,,/TLC or KCO) and standing or sitting height. These results do not support the findings of Cotes or of Zapletal et al. who reported that the Krogh factor decreases in relationship to growth in childhood.4*' However, there was a relationship between Krogh factor and TLC (P < 0.01) in girls, which supports the earlier findings. It is possible that the discrepant results between different studies are due to sampling error, especially as the regression coefficient of DL,,/TLC in relation to body height was small (r = -0.28) in the study by Zapletal et al. ' In that study,' the membrane component (D,) and the alveolar capillary volume (V,) were also determined. It was shown that the reduction in the Krogh factor in relation to body height was the result of a reduction in alveolar capillary volume. There was no change in the membrane component with growth.
Analysis of the size of the inspiratory volume (IV) showed that there was no significant relationship between DL, , and the ratio of inspiratory volume to slow vital capacity (IViSVC). The results suggest that a value of IV/SVC greater than 80% would be adequate for measurement of DLco in children, although a value of 90% would be preferable in cooperative subjects.
Our data indicate that as children grow in height and weight from early childhood to young adulthood, the diffusing capacity of the pulmonary membrane correspondingly increases. We report multiple regression equations for calculating predicted DL, , values for children from height, gender, age, and weight. These values can be used as standards for the early detection and quantitation of interstitial lung disease and other restrictive pulmonary diseases.
